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H I G H L I G H T S 8 
 Four engine coolant and exhaust heat recovery ORC systems are studied 9 
 Using scroll expander for small scale engine waste heat recovery are investigated 10 
 Effects of using the proposed ORC systems on overall ICE performance are studied 11 
 Solutions for fully recovering coolant energy from ICE for engine WHR are proposed 12 
Abstract  13 
This paper presents the study of four different engine coolant and exhaust heat recovery Organic 14 
Rankine Cycle systems using R245fa as working fluid and scroll expander as expansion machine. The 15 
parametric investigation suggested the fluid superheating temperature has limited influence on the 16 
simple structured ORC system (ORC_sim) with overall efficiency about 6.2% and average produced 17 
power around 0.59 kW under engine rated condition. The maximum rotational speed of the scroll 18 
expander is around 4000 rpm under different ratio of coolant and exhaust ratio of the Yanmar engine 19 
(6.8 kW), which means the designed ORC system can be easily used for electricity generation by 20 
directly connecting expander shaft to a conventional electrical generator. The BSFC reduction ratios 21 
of ICE+ORC_sim, ICE+ORCR_1 and ICE+ORC_pre under engine rated power are respectively 6.1%, 22 
7.4% and 5.2%. And the overall effective energy efficiency by integrating ORC_sim, ORCR_1 and 23 
ORC_pre to the ICE can be improved by 6.5%, 8.0% and 5.4% under engine rated power condition.  24 
Keywords：engine coolant and exhaust recovery, scroll expander, Organic Rankine cycle, parametric study 25 
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Nomenclature 26 
  
BSFC  Brake specific fuel consumption ( g/kWh) 
h   Specific enthalpy (kJ/kg) 
m   Mass flow rate (kg/s) 
sP  
Pitch of the scroll (mm) 
st  
Blade thickness of the scroll (mm) 
sH  
Scroll height (mm) 
sr   Radius of basic circle (mm) 
gyR   
Radius of gyration of the orbiting scroll (mm) 
i   Number of the expansion chambers (-) 
sN   Scroll turns (-) 
s   Specific entropy (kJ/kg·K) 
v   Specific volume (m3/kg) 
  
Greek letters 
   efficiency 
  Start angle of the involute  
   Crank angle between the fixed scroll and orbiting scroll 
p  Pressure ratio of the inlet and outlet of the expander 
  
Subscripts 
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b   brake 
p  pump 
pre  using coolant as preheater in ORC 
r  recuperator 
ex   exhaust 
_ex s
  Working condition at the expander exhaust after isentropic expansion process 
int   Internal working condition of the fluid during expansion process 
isen   isentropic 
su  supply 
pre  ORC system using coolant energy as preheater 
  
Acronyms 
CNG  Compressed Natural Gas  
ICE   Internal Combustion Engine 
ORC   Organic Rankine Cycle 
ORCR  Organic Rankine Cycle with Recuperator 
WHR  Waste Heat Recovery 
  
  27 
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1. Introduction 28 
Heat driven energy systems attract ever increasing attentions due to the oncoming energy crisis 29 
and environment problems caused by burning conventional energy resources such as oil, natural gas 30 
and coal. The Organic Rankine Cycle (ORC) has been widely recognised as one of the most 31 
promising technologies to convert heat into mechanical power or electricity [1, 2]. Various heat 32 
sources can be used to drive ORC system including biomass combustion, solar energy, geothermal 33 
heat, industry wasted heat and heat from Internal Combustion Engine (ICE) [1]. A typical ICE 34 
converts about 30% of the fuel energy into effective mechanical power and around 60-70% energy is 35 
wasted from the exhaust system and cooling system of ICE [3, 4]. A well designed ORC system can 36 
effectively improve the overall energy efficiency and reduce CO2 emissions of the Internal 37 
Combustion Engine (ICE) with around 2 to 5 years payback period through fuel saving [2-4].  38 
The overall efficiency of a typical ORC is determined by the designed evaporation and 39 
condensation temperature. When the condensation temperature is fixed, the higher of the evaporation 40 
temperature, the higher overall ORC efficiency can be achieved. For the on road vehicle application, 41 
the condensation temperature is controlled by the radiator and the lowest condensation temperature is 42 
normally about 40 oC. The majority studies of Waste Heat Recovery (WHR) from ICE focus on the 43 
engine exhaust energy [5], because the exhaust temperature of ICE is various from 200-700 oC, which 44 
is much higher than the coolant temperature [3, 4]. Song et al. [6] reported a performance analysis to 45 
recovery exhaust energy from a stationary Compressed Natural Gas (CNG) engine. The analysis 46 
results pointed out the ORC system can potentially improve the electric efficiency of the CNG engine 47 
by a maximum 6.0% and the overall engine Brake Specific Fuel Consumption (BSFC) can be reduced 48 
by a maximum 5.0% [6]. The effects of fluids and parameters of the ORC system for engine exhaust 49 
heat recovery have been deeply studied and reported by Tian et al. [7], who considered 20 fluids 50 
(boiling point range from -51.6 to 32.05 oC) to evaluate the cycle parameters such as the overall 51 
thermal efficiency, expansion ratio, effective power output and electricity production cost. Results 52 
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suggested R141b, R123 and R245fa can achieve the highest thermal efficiency ranging from 16.6% to 53 
13.3% with the lowest electricity production cost from 0.30 to 0.35 €/kWh [7]. Zhao et al. [8] 54 
reported the performance evaluation of a diesel engine integrated with ORC system. Results pointed 55 
out the Brake Specific Fuel Consumption (BSFC) reduction and the overall thermal efficiency of the 56 
engine integrated with ORC unit is 3.61 g/(kWh) and 0.66%. The alkane-based working fluids have 57 
been recommended to be used for diesel engine exhaust heat recovery considering the technical and 58 
economic point of view [9] 59 
Engine coolant energy is normally recognised as a heat source that is not worth to recover because 60 
the coolant temperature is about 80-100 oC, which can only provide 40-60 oC temperature difference 61 
to drive the ORC of vehicle. Several researchers pointed out the coolant energy contains about 30% of 62 
the fuel energy, which could be potentially utilised in the ORC waste heat recovery system of the ICE 63 
to improve the ORC system efficiency and reduce the payback period of the overall cost with a proper 64 
designed system [1, 2]. Yu et. al [10] adopted the coolant energy to preheat the ORC fluid for the 65 
recovery of both coolant and exhaust heat from a diesel engine. The simulation results suggested 66 
about 75% of exhaust heat and 9.5% coolant energy can be recovered under engine conditions from 67 
high to low load [10], which means a lot of coolant energy has been wasted by using the designed 68 
ORC system. Lu et al. [11] reported the designed and assessment of an ICE waste heat recovery 69 
cogeneration using ORC as the power generation system to recover both coolant and exhaust energy 70 
from a 4 cylinders diesel engine. The steady study pointed out the ICE integrated ORC can potentially 71 
improve the overall efficiency of the ICE by 3% and reduce the BSFC from 210 g/kWh to 190 g/kWh 72 
under the engine full load conditions [11]. The other potential approach for engine coolant and 73 
exhaust recovery is using dual-loop ORC, which adopts two separately ORC systems to regenerate 74 
multi heat sources from ICE [12-14]. Wang et al. [12, 13] conducted the study on a dual loop ORC to 75 
evaluate the performance on a gasoline engine and a light-duty diesel engine. Detailed operational 76 
maps for the selected gasoline engine and diesel engine using the dual loop ORC have been reported. 77 
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Results indicated the absolute effective thermal efficiency of the gasoline engine can be increased by 78 
3-6% throughout the engine operating region [12] and the maximum thermal efficiency increase in the 79 
light diesel engine can be achieved by as high as 8% [13]. Shu et al. [14] conducted further study on 80 
the dual-loop ORC for engine coolant and exhaust recovery and pointed out the influence of using 81 
different working fluids. Six working fluids have been selected for the low temperature cycle and the 82 
high temperature loop adopted water to recovery the exhaust energy [14]. The maximum overall 83 
exergy efficiency of the dual-loop ORC system can be as high as 55.05% using R1234yf as working 84 
fluid [14]. However, the dual-loop ORC requires two set of ORC system components and advanced 85 
controlling strategies to balance the different heat sources.  86 
On the other hand, the selection of expansion machines is critical for the ORC system 87 
performance [3, 4]. For small scale applications, scroll expanders are recognised as the optimal 88 
expansion candidate because of its high reliability, relatively high isentropic efficiency and broad 89 
availability [15]. A one dimensional scroll machine model was built to predict the working curves of 90 
the scroll machine operating as expander [16]. The ORC numerical model has been used to evaluate 91 
the performance of the micro CHP system for the heat recovery of ICE and solar energy recovery [16]. 92 
The results suggested a solar thermal collector with 20 m2 was capable to produce 1 kW electric 93 
power using scroll expander and 10 kW heat as the form of hot water [16]. Muhammad et al. [17] 94 
reported the experimental investigation of a 1 kW ORC system using R245fa as the working fluid to 95 
recover the heat from waste steam in the range of 1-3 bar. Results indicated the maximum electrical 96 
power output from the system was 1.016 kW with 5.64% system thermal efficiency and 58.3% scroll 97 
expander isentropic efficiency [17]. June et al. [18] adopted a 1 kW oil-free scroll expander using 98 
zeotropic mixture with 48.5% R245fa and 51.5% R365mfc in an ORC system to recover the exhaust 99 
gas from a 30 kW gas turbine. The experimental results pointed out the overall efficiency of the ORC 100 
system was about 3.9% [18]. The authors pointed out the efficiency of the scroll expander was only 101 
28.4%, which means the scroll device has been operated within the over-expansion region and the 102 
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overall ORC efficiency can be much higher than 3.9% if the scroll expander has been operated within 103 
the optimal conditions [18]. Muhammad et al. [17] reported the maximum electrical power from an oil 104 
free scroll expander was 1.016 kW, when the system thermal efficiency was 5.64% and the isentropic 105 
efficiency of the expander was 58.3%. The maximum ORC thermal efficiency has been achieved at 106 
5.75%, when the scroll expander achieved the maximum isentropic efficiency, which was as high as 107 
77.74% during the experiment [17]. A small scale ORC prototype has been built at the Energy 108 
Systems Laboratory of Cassino University. Under the heat source temperature about 100 oC, the 109 
maximum electrical output from the mini ORC system was about 1 kW with 9% thermal efficiency 110 
and about 20 kJ/kg specific work when the isentropic efficiency of the scroll expander was 84.9% 111 
[19]. However, the designed operational ORC fluid state point has been located at the two phase 112 
region [19], which will damage the scroll device for long time operation, which means a proper 113 
parametric study to avoid this issue is important and necessary. Quoilin et al [20] developed a semi-114 
empirical scroll expander model by converting the original scroll compressor model proposed by 115 
Winandy et al. [21]. The semi-empirical scroll expander model was used and adopted by Mendoza et 116 
al. [22] to compare with the experimental results of an open drive scroll expander using ammonia and 117 
air as working fluid. The semi-empirical scroll expander model has been widely used by the 118 
researchers and shown good agreement to predict the expander performance [23-25]. However, the 119 
semi-empirical scroll expander model requires eight predefined parameters, which requires a lot of 120 
experimental results to identify the parameters [26]. The latest investigation on ORC using scroll 121 
expander was reported by Yang et al. [27], who modified an originally hermetic type refrigerant scroll 122 
compressor with built in volume ratio at 3.24 operating as an expander. The maximum shaft power 123 
and thermal efficiency of the ORC system was 2.64 kW and 5.92%, respectively [27].  124 
Therefore, the study of different single loop ORC system for engine different heat sources 125 
recovery is important in order to promote the application of this technology. In this study, the design 126 
and investigation of single loop ORC system using a targeted scroll expander to recover both coolant 127 
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and exhaust energy from an ICE is reported. Four different ORC system layouts are proposed and the 128 
performances of these four ORC systems are compared under variable heat source ratio of coolant and 129 
exhaust energy from the ICE. The study pointed out the advantages of using a simple designed ORC 130 
system to fully recover both the coolant and exhaust energy from the ICE for on road vehicle 131 
application, which has been hardly reported and noticed in previous studies because the coolant 132 
energy from engine is commonly recognised as not worth for recovering and engine exhaust ORC 133 
system can achieve high overall thermal efficiency. Moreover, the parametric study on the optimal 134 
ORC systems using a targeted scroll expander have been conducted in order to evaluate the 135 
performance and provide essential data for the selection of components.  136 
2. Description of the designed engine waste heat recovery system  137 
 
(a) 
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(b) 
Fig. 1. Schematic diagram of the ORC for engine coolant and exhaust recovery 
(a) blue line-ORC without recuperator, orange line-ORC with recuperator before coolant heat exchanger  
(b) ORC with recuperator between coolant and exhaust heat exchangers 
The ORC system employed here includes two heaters, a recuperator, a scroll expander, condenser, 138 
liquid receiver and pump as shown in Fig 1. Two system layouts are illustracted in Fig. 1 (a), which 139 
includes the conventional ORC as illustrated by blue line and the ORC with recuperator as shown in 140 
yellow line. The recuperator is located after the fluid pump and before the coolant heat exchanger as a 141 
preheater to reuse the exhaust energy from the scroll expander in Fig. 1 (a). The other type of engine 142 
coolant and exhaust recovery ORC system with recuperator is shown in Fig. 1 (b), which applies the 143 
recuperator as an addition heater during the vaporization of refrigerant when the recuperator locates 144 
between the Heater 1 and Heater 2. The coolant water from the ICE is supplied to Heater 1, which 145 
heats up the working fluid in two phase condition. The energy from the exhaust is recovered using a 146 
heater exchanger located on the exhaust pipe. Thermal fluid is used to transfer the exhaust energy 147 
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from exhaust heater exchanger to Heater 2, where the working fluid is heated up to the designed 148 
working condition to start the expansion process inside the scroll expander. Because the existing of 149 
liquid fluid flows into the scroll expander will damage the expansion machine, a bypass line is 150 
designed to protect the expander when the desirable working conditions have not been reached. The 151 
condenser rejects the unrecoverable heat into the environment by transferring the heat to the water 152 
cooling system. A liquid receiver is located at the inlet of the pump in order to maintain sufficient 153 
liquid ORC working fluid pumped to the ORC system.  154 
  
(a) (b) 
  
(c) (d) 
Fig. 2. T-s diagram of four different ORC system layouts 
(a) Coolant and exhaust fully recovery ORC_sim system 
(b) Coolant and exhaust fully recovery ORCR_1 system (recuperator between pump and Heater 1) 
(c) Coolant and exhaust fully recovery ORCR_2 system (recuperator between Heater1 and Heater2) 
(d) Conventional engine coolant and exhaust recovery ORC_pre system (coolant as preheater) 
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The designed engine coolant and exhaust recovery ORC system can be operated under four 155 
designed conditions with different system layouts as illustrated in Fig. 1. The operational conditions 156 
of the four ORC system layouts are illustrated by the T-s diagram as shown in Fig. 2. The four ORC 157 
operational conditions are named as ORC_sim, ORCR_1, ORCR_2 and ORC_pre respectively 158 
representing as (a), (b), (c) and (d) in Fig. 2. The system layouts of ORC_sim and ORC_pre are both 159 
using the blue line in Fig. 1 (a). The system layouts of ORCR_1 and ORCR_2 are represented as 160 
orange line in Fig 1 (a) and Fig 1 (b), respectively.  161 
Using ORC_sim as an example to describe the working conditions, the pump first pumps the 162 
working fluid from point 1 to point 2, which is represented as an isentropic process. The heater 1 163 
recovers the heat from the coolant energy while the heater 2 recovers the heat from the exhaust energy, 164 
which can be represented as process 2-4 and process 4-6, respectively. The evaporating temperature 165 
of the working fluid is designed at 80 oC to meet the heat source temperature of the coolant energy. 166 
The working conditions of the working fluid at the inlet of the expander start from the vapour 167 
saturated line to superheated region. The expansion process inside the expander is shown as line 6-7 168 
as isentropic expansion process. The working fluid selected in the system is R245fa, which is a type 169 
of dry working fluids and can effectively prevent the ORC working fluid reaches two phase condition 170 
inside the expansion machine to protect the expander. The ORCR_1 recovers the exhaust heat from 171 
the expander from 7-7' as extra heat to preheat the working fluid from 2-2' as shown in Fig. 2 (b). The 172 
exhaust heat from the expander in ORCR_2 is recovered to heat up the working fluid during the two 173 
phase change process from 3'-4 as presented in Fig. 2 (c). Fig. 2 (d) shows the designed operational 174 
conditions of the engine coolant and exhaust heat recovery ORC system using coolant energy as the 175 
preheat heat source, which means the working fluid is always in liquid phase during the heat up 176 
process provided from coolant heat source.  177 
A small diesel fuelled ICE with the model number TF120M is selected in this study for the 178 
evaluation and comparison of the effects of using different engine coolant and exhaust heat recovery 179 
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ORC systems. The selected ICE is a one cylinder engine with 0.638 L engine displacement and 8.8 180 
kW rated power at 2400 RPM. The specifications of the engine are listed in Table 1.  181 
Table 1 182 
Engine specifications 183 
Characteristic Value 
Engine model Yanmar TF120M 
Engine type Horizontal water-cooled, 4 cycle diesel engine 
Engine Displacement (L) 0.638 
Number of cylinders 1 
Cylinder bore (mm) 92 
Cylinder stroke (mm) 96 
Compression ratio 17.7 
Combustion system Direct Injection 
Injection pressure (kg/cm2) 200 
Max torque (N.m) 43.35 at 1800 RPM 
Max Power (kW) 8.8 at 2400 RPM 
For the evaluation of the performance of ORC system using coolant and exhaust energy, the two 184 
heat sources conditions require to be identified. Ringler et al. pointed out that the ratio of the 185 
recoverable heat from the coolant and exhaust energy  of ICE ranges from 1.5 to 0.5 [28]. The 186 
previous study of the authors and other researchers study also support that the point [11, 13, 14, 29-187 
31]. Therefore, the recoverable wasted heat of this ICE can be plotted as Fig. 3, which has considered 188 
the real experimental results obtained from the YANMAR ICE under 10%, 25%, 50%, 75% and 100% 189 
load at the engine rated speed 2400 rpm [32] as listed in Table 2.  190 
Table 2 191 
Experimental results of the TF120M engine at rated speed under different load conditions [32] 192 
Engine 
rated speed 
2400 rpm 
Engine 
load 
Engine 
power (kW) 
Fuel 
consumption 
(kg/h) 
Exhaust gas 
temp (oC) 
Recoverable 
exhaust 
energy(kW) 
Recoverable 
coolant 
energy(kW) 
 10% 0.990 0.705 236 1.36 1.56 
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 25% 2.397 0.878 280 1.63 1.71 
 50% 4.555 1.182 361 2.31 2.62 
 75% 6.538 1.534 459 3.62 3.47 
 100% 8.818 1.975 587 4.67 4.54 
 193 
 
Fig. 3. Recoverable coolant and exhaust energy from a single cylinder Yanmar engine [33] 
3. Simulation model and evaluation methods 194 
3.1 Description of the scroll expander model 195 
Geometric model of the scroll 196 
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A geometric model of the selected scroll expander has been built to identify the physical parameters 197 
such as suction volume, exhaust volume, scroll turns and volume expansion ratio of the selected scroll 198 
expander to be used in the scroll expander introduced below. The expander used in this study is 199 
designed and manufactured by Air Squared with the model number E15H22N4.25 [34]. On the other 200 
hand the geometric study of the scroll expander can also reveal the relations between the fixed and 201 
orbiting scrolls during the real expansion processes.  202 
 
 
(a) (b) 
Fig. 4. Geometric study of the fixed scroll 
(a) Geometric model of the fixed scroll, (b) Comparison of the geometric and real scroll 
The scroll expander has been first disassembled for the measurement of the physical parameters 203 
including pitch of the scroll 
sP  , scroll blade thickness st  and height of the scroll sH  as illustrated in 204 
Fig. 4 (b). The three parameters including radius of basic circle 
sr  , start angle of the involute   and 205 
radius of gyration of the orbiting scroll 
gyR   are calculated by the following equations.  206 
2s sP r    
2s st r     
1
( 2 )
2
gy s sR P t     
(1) 
The scroll blade can be drawn by the circle involute equation as described in equation (2). 207 
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 
 
cos( ) sin( )
sin( ) cos( )
s
s
x r
y r
    
    
   
   
 (2) 
The geometric scroll shape can therefore been drawn by using the internal and external involute lines 208 
of the scroll unit with different start angle at   and   , respectively. The comparison of the 209 
geometric model and the real scroll unit is illustrated in Fig. 4.  210 
In different expansion chambers, the chamber volume is calculated by equation (3), where i  211 
represents the number of the expansion chambers and   is the crank angle between the fixed scroll 212 
and orbiting scroll [35]. The suction volume of the scroll expander can be calculated from the 213 
following equation.  214 
 2 (2 1 )i s s s sV P P t H i



          (3) 
The exhaust volume per turn 
exhaustV  of the scroll expander is calculated by equation (9), where end  215 
represents the end of the angle of the expansion process and 
sN  is the scroll turns.  216 
 2 (2 1 )endexhaust s s s s sV P P t H N



         (4) 
All the measured physical and calculated parameters are summarised and listed in Table 3. The 217 
expansion process inside the scroll expander under different crank angle can be illustrated as Fig. 5. 218 
When the suction process in the centre of the scroll expander is ended, a new chamber will appears 219 
with the change of orbiting scroll.  220 
 221 
Table 3  222 
Parameters of the scroll 223 
Name Symbol Value 
Scroll height sH  22.4 mm 
16 
 
 224 
 
Fig. 5. Expansion process of the scroll expander under different crank angle 
Scroll turns sN  4 
Radius of gyration gyR  3.0 mm 
Radius of the basic circle sr  2.23 mm 
Thickness of the scroll st  4.0 mm 
Pitch of the scroll blade sP  14.0 mm 
Start angle of the involute   51.43 o 
Exhaust volume of the expander per turn exhaustV  41.38 cm3 
Suction volume of the expander per turn suctionV  11.82 cm
3 
Internal volumetric expansion ratio _v inr  3.5 
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 225 
Description of the scroll expander model 226 
A semi-empirical scroll expander simulation model has been used in this study to predict the 227 
expander performance. The original scroll expander model was first proposed by Lemort et al. [36], 228 
which is a transformation of scroll compressor model. Several researchers apply the semi-empirical 229 
scroll expander to predict the performance of the scroll expander within specific operational ranges. 230 
The schematic diagram of the simplified semi-empirical scroll expander model is shown in Fig. 6.  231 
 
Fig. 6. schematic diagram of the scroll expander model 
The expansion process of the scroll expander includes four steps:  232 
(1) supply mass leakage from working point su  to in  , the supply mass flow rate sum  equals to the 233 
internal mass flow rate inm  plus leaking mass flow rate leakm ; (2) the internal isentropic expansion 234 
from point in  to int  ; (3) the isochoric expansion process inside the expander from int to 1ex ; (4) 235 
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Mixing process at the expander exhaust when the internal leakage fluid mixes with the expansion 236 
fluid 237 
The internal expansion condition at point int  is defined by the following equations.  238 
ex haust int
v_in
suction su
V v
= =
V v
  
int int suP = f(v ,s )  
(5) 
The power obtained from the scroll expander can be calculated by adding the mechanical power 239 
during the isentropic and isochoric process from the expander as illustrated in equation (6).  240 
int int int
int int int
( )
      ( ) ( )
      ( ) ( )
in loss loss
ise iso
net su su ex
su su su ex su loss
W W Q
in su in ex
W W
W m h h
m h h m v P P m q
m h h m v P P

  
       
     
 
(6) 
The rotational speed of the expander can be calculated by 241 
60
in suction
in
su su
V N V
m
v v

 

 (7) 
 The overall energy loss 
lossq of the scroll expander during the expansion process is calculated by 242 
equation (8). The calculation of the overall energy loss is defined by the pressure ratio of the inlet and 243 
outlet conditions. The experimental results conducted by other researchers are used to determinate the 244 
overall energy loss of this scroll expander. All of the collected experimental results from the reported 245 
papers are all using the same scroll expander and R245fa as the working fluid in the ORC system.  246 
The collected experimental data used in the scroll expander simulation model can be found in Table 4.  247 
int int int( ) ( )leakage su leakage ex su lossm h h m v P P m q        (8) 
su
p
ex
P
P
   (9) 
4.1911 ln( ) 0.4389loss pq     (10) 
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Table 4 248 
Collected experimental data using the selected scroll expander and R245fa in ORC [17, 19, 37] 249 
No Inlet 
temperature 
(oC) 
Outlet 
temperature 
(oC) 
Scroll 
expander 
rotational 
speed 
(RPM) 
Mass 
flow 
rate 
(kg/s) 
Inlet 
pressure 
(bar) 
Expansion 
ratio (-) 
Expander 
isentropic 
efficiency 
(%) 
1 [17] 127.3 84.4 3496 0.057 11.97 10.65 58.8 
2 [17] 126.2 83.6 3490 0.053 11.14 9.92 61.98 
3 [17] 100 60 3500 0.050 8.4 7.5 71.0 
4 [17] 96.1 58.9 3415 0.047 8.82 6.52 72.5 
5 [17] n. a n. a n. a n. a n. a 6.1 77.5 
6 [19] 89.7 38.4 n. a 0.052 9.95 4.58 84.9 
7 [37] 75 n. a 3600 0.018 4.34 3.1 85 
The isentropic efficiency calculated from the simulation model under different supply and exhaust 250 
pressure conditions are plotted in Fig. 7. The experimental results conducted and reported by other 251 
researcher are illustrated by the red triangle symbol, which shows good agreement with the simulation 252 
results.  253 
 
Fig. 7. Comparison of simulation and experimental results 
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3.2 Evaluation methods of the ORC system 254 
For the evaluation of the performance of different engine coolant and exhaust recovery ORC 255 
layouts using a selected scroll expander, the thermodynamic models of different ORC systems have 256 
been built and coded in Engineering Equation Solver [38] to obtain the fluid properties under different 257 
conditions. The heat transfer efficiency of the heater exchangers ( 1Heater , 2Heater , r ) and the pump 258 
efficiency 
p are set at 0.8. A scroll expander model has been built for the prediction of the expander 259 
performance in the ORC system. The equations of the simulation model are described as follows: 260 
The coolant heat provided Heater 1 for the four ORC system layouts can be described by 261 
1 4 2 1
1 3' 2 1
 _ ,  _1  _
 _ 2
( )      
( )     
Heater coolant Heater
Heater coolant Heater
for ORC sim ORCR and ORC pre
for ORCR
Q m h h Q
Q m h h Q


    
    
 (11) 
Heat provided to Heater 2 can be written as,  262 
2 6 4 2( )Heater exhaust HeaterQ m h h Q       (12) 
The work consumed by the pump is calculated by, 263 
1 2( ) /p pW m h h      
(13) 
The heat recovery process in the recuperator of ORCR_1 is defined as 264 
7 7 ' max 2 2' max
max 7 7 ' 7' 2
( ) / ( ) /
( ),     T =T
r m h h Q m h h Q
Q m h h when
      
  
  
(14) 
The regenerated heat from the exhaust of the expander in the ORCR_2 is calculated by the 265 
following equation 266 
7 7 ' max 3 3' max
max 7 7 ' 7' 3
( ) / ( ) /
( ),  when  T =T
r m h h Q m h h Q
Q m h h
      
  
  
(15) 
The calculation of isentropic efficiency of the scroll expander is defined in equation (16), where 267 
_ex sh  is the specific enthalpy at the exhaust of the expander after isentropic expansion process. The 268 
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overall engine coolant and exhaust recovery ORC system under different layouts are calculated by the 269 
equation (17).  270 
_( )
net
isen
su su ex s
W
m h h
 
    
(16) 
1 2
1 2
( ) / ( )
( ) / ( )
ORC net p heater heater
ORCR net p heater heater recuparator
W W Q Q
W W Q Q Q


  
   
  (17) 
In order to evaluate the effects of integrating the ORC coolant and exhaust heat recovery system 271 
on ICE. The overall effective energy efficiency of the ICE and ICE integrated with ORC are defined 272 
by equation (18) and (19), respectively.  273 
b
ICE
fuel fuel
W
m h
 

 (18) 
b ORC p
ICE ORC
fuel fuel
W W W
m h
 
 


 (19) 
The Brake Specific Fuel Consumption (BSFC) with and without using the proposed single loop 274 
coolant and exhaust recovery ORC systems are calculated by the following equations. fuelm is the 275 
mass flow rate of the fuel consumed by the ICE and fuelh  is the heating value of the diesel, which is 276 
set at 43400 kJ/kg in this study.  277 
fuel
ICE
b
m
BSFC
W
    (20) 
net
fuel
ICE ORC
b p
m
BSFC
W W W
 
 
 (21) 
4. Results and discussion 278 
22 
 
In order to obtain an overview of the engine coolant and exhaust recovery ORC system using 279 
different layouts, the parametric studies on the system performance are conducted and the parametric 280 
data of different ORC system are compared. Because the engine coolant temperature ranges from 80 281 
to 100 oC, the evaporating temperature in the ORC systems (ORC_sim, ORCR_1 and ORCR_2) is set 282 
at 80 oC in order to fully recover the coolant heat during the phase change process of the working 283 
fluid. ORC_pre applies the coolant energy as the preheater. The designed evaporating temperature of 284 
R245fa in ORC_pre is therefore set at the saturated temperature of the maximum designed scroll 285 
expander, which are 104.4 oC and 13.8 bar, respectively. Considering the real on road application for 286 
the vehicle, the lowest condensation temperature can be provided by the radiator is normally around 287 
40 oC. The ORC condensation temperature is therefore set at 40 oC in this study.  288 
4.1 Effects of superheating temperature using different ORC layouts under 289 
engine rated power condition 290 
The study conducted in this part focuses on the comparison of four ORC system performances 291 
with different superheating temperature under the engine rated power condition. The thermal 292 
efficiency, power output, mass flow rate of the fluid, rotational speed of the scroll expander, 293 
condenser loads and pump work of different ORC systems are compared. The results are plotted in 294 
Fig. 8.  295 
The results indicated the thermal efficiency of ORC_pre, ORCR_1 and ORCR_2 slightly increase 296 
with the increase of superheating temperature and the efficiency of ORC_sim is quite stable (about 297 
0.062) under different superheating temperature as shown in Fig.8.(a). When the supply fluid 298 
temperature ranges between 80-110 oC, the overall efficiency of ORCR_2 is lower than that of 299 
ORC_sim because the exhaust temperature of the scroll expander within these operational conditions 300 
is lower than the coolant temperature. When the recuperator is added in the ORC system, the overall 301 
efficiency of ORCR_1 is always higher than that of ORCR_2.  302 
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The analysis of the power output of the ORC_sim and ORC_pre indicates that the change of 303 
superheated temperature has limited effects on the power performance on these two systems as 304 
illustrated in Fig.8.(b). The average produced power from ORC_sim and ORC_pre under the designed 305 
conditions are 0.59 kW and 0.5 kW, respectively. Although the overall system efficiency of ORC_pre 306 
is higher than that of other three ORC systems, the power from ORC_pre is always lower than the 307 
ORC cycles designed to fully recover coolant energy, which means the idea of fully recovering 308 
coolant heat from the ICE to form a single loop ORC system will sacrifice the system efficiency but 309 
can generate more power.  310 
The mass flowrate of the four ORC systems are all decreased with the increase of expander inlet 311 
temperature, which indicate the tendency of the pump power should have the same relationship with 312 
expander inlet temperature as indicated in Fig.8 (c) and (f). Although the mass flowrate of ORC_pre 313 
is lower than that of other three ORC systems, the required pump work for ORC_pre is clearly higher 314 
than other systems, which is caused by the high evaporating pressure of ORC_pre.  315 
The increase of superheated inlet temperature has limited influence on the rotational speed of the 316 
scroll expander in ORC_sim and ORC_pre, which is about 3200 rpm and 1000 rpm, respectively. The 317 
increase of superheated inlet temperature will lead to the increase of scroll expander rotational speed 318 
in ORCR_1 and ORCR_2 as shown in Fig. 8 (d). For the on road vehicle application, the requirement 319 
of dumped heat from the radiator is extremely important to study. The high demand of heat dumped 320 
radiator system requires large radiator cooling system, which is clearly not desirable for on road 321 
vehicle application. The radiator serves as the condenser in ORC system when applies the heat 322 
recovery system for vehicle application. The results indicates the single loop ORC system designed to 323 
fully recover coolant and exhaust energy (ORC_sim) without using recuperator has the advantage on 324 
the low requirement of dumped heat from the condenser (around 6.8 kW under engine rated power 325 
condition) as shown in Fig. 8 (e).  326 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Fig. 8. Effects of superheated temperature on the ORC performance at engine rated power condition 
(a) ORC system efficiency; (b) scroll expander net power output ; 
(c) fluid mass flowrate; (d) Rotational speed of the scroll expander;  
(e) condenser loads; (f) pump work under different expander inlet temperature 
4.2 Parametric study ORC system performance under different heat source 327 
ratio 328 
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Different superheated expander inlet temperature will affect the ORC performance as discussed 329 
previously. In order to have an overview of different coolant and exhaust recovery ORC performance, 330 
the parametric investigation has been conducted under different coolant and exhaust heat conditions 331 
of the selected single cylinder Yanmar engine. The net power output, rotational speed of the scroll 332 
expander and condenser loads of four different coolant and exhaust ORC systems are calculated and 333 
compared under the ORC superheated inlet temperature at 150 oC, which is within the optimal 334 
working conditions of the four ORC system as previously discussed.  335 
Evaluation of generated power from different ORC systems 336 
The power output from four engine coolant and exhaust ORC systems are compared and the 337 
results are plotted in Fig. 9. Under the designed ORC operational conditions, the results of ORC_sim, 338 
ORCR_1 and ORCR_2 suggest the power produced from ORC system using recuperator can produce 339 
more power than the system without recuperator. The regeneration of exhaust heat from expander is 340 
suggested to be located between the fluid pump and coolant heater exchanger. The ORC_pre shows 341 
better power performance than ORC_sim, when the ratio of engine coolant and exhaust heat is 342 
between 0.5-0.7 as shown in Fig. 9 (a) and (d). The power produced from ORC_pre has linear 343 
relationship with the engine exhaust heat because the coolant energy from the engine cannot be fully 344 
recovered. As described in section 2 and illustrated in Fig. 2, the ORC_pre and ORC_sim deploy the 345 
same system layout. The ORC_sim can be easily modified as ORC_pre by changing the evaporating 346 
condition of the fluid, when the ratio of coolant and exhaust heat ranges from 0.5 to 0.7.  347 
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(a) (b) 
  
(c) (d) 
Fig. 9. ORC net power output under different coolant and exhaust heat conditions  
(a) ORC_sim ; (b) ORCR_1 ; (c) ORCR_2 ; (d) ORC_pre 
Evaluation of rotational speed of the scroll expander 348 
The rotational speed of the scroll expander under different engine coolant and exhaust heat 349 
conditions of the single cylinder engine has been studied. A proper selection of transmission system 350 
can convert the power from the scroll expander into mechanical work or the mechanical work from 351 
the expander can be used to produce electricity by connecting the expander with an electrical 352 
generator. The results as drawn in Fig. 10 suggest the rotational speed of the scroll expander in the 353 
designed four engine coolant and exhaust heat recovery ORC systems can be lower than 4000 rpm, 354 
which means the scroll expander can be potentially used to directly connect with conventional 355 
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generator for electricity generation. The results also indicat the ORC_pre system is desirable when 356 
relatively low rotational speed of the scroll expander is required for specific applications.  357 
  
(a) (b) 
  
(c) (d) 
Fig. 10. Scroll expander rotational speed under different coolant and exhaust heat conditions  
ORC_sim ; (b) ORCR_1 ; (c) ORCR_2 ; (d) ORC_pre 
Evaluation of the required heat dumped loads of condenser 358 
The study conducted on the heat load requirements of the condenser suggested, under the same 359 
designed ORC operational conditions and the simple ORC system layout for fully recovery of engine 360 
coolant and exhaust heat has the lowest heat load compared with other three ORC systems as shown 361 
in Fig. 11. When the recuperator in ORC system is located between the two heat sources, the 362 
requirement on the condenser to dump unrecoverable heat is the highest among the four coolant and 363 
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exhaust heat recovery ORC systems, which is clearly not desirable for vehicle application. In 364 
summary, results suggest the recuperator can potentially improve the power performance of simple 365 
layout ORC system for engine coolant and exhaust system and will increase the rotational speed of 366 
the scroll expander under the same operational conditions. The system performance of ORCR_2 has 367 
almost no advantages when compared with that of ORCR_1, which means the recuperator is 368 
suggested to be located between fluid pump and coolant heater.  369 
  
(a) (b) 
  
(c) (d) 
Fig. 11. Condenser loads of the ORC under different coolant and exhaust heat conditions  
ORC_sim ; (b) ORCR_1 ; (c) ORCR_2 ; (d) ORC_pre 
4.3 Effects of using coolant and exhaust recovery ORC systems on the 370 
engine performance 371 
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The influence of using designed engine coolant and exhaust recovery ORC systems on the ICE 372 
performance are evaluated under five engine real operational conditions as listed in Table 2. The 373 
brake specific fuel consumption (BSFC) and overall effective energy efficiency of the ICE with and 374 
without using different ORC systems are compared. The performance of ORCR_2 has not been 375 
included in the analysis of this section, because the ORCR_1 with similar system layout has better 376 
overall system performance than that of ORCR_2 such as higher power output, increased thermal 377 
efficiency and lower requirement of condenser load.  378 
BSFC improvement under different engine loads at engine rated speed 379 
The BSFC of the diesel fuelled Yanmar engine with and without using three ORC systems under 380 
five difference engine loads (10%, 25%, 50, 75% and 100%) at rated speed are compared and drawn 381 
in Fig. 12 (a). The BSFC reduction ratio of using the designed coolant and exhaust heat recovery ORC 382 
systems has been drawn in Fig. 12 (b), which suggest by using the heat recovery system can achieve 383 
better overall fuel efficiency in engine part load conditions. The BSFC reduction ratios of 384 
ICE+ORC_sim, ICE+ORCR_1 and ICE+ORC_pre under 10% engine load at rated speed are 15.5%, 385 
18.5% and 12.4%, respectively. At the engine rated power condition, the BSFC reduction ratios of the 386 
three ORC systems are 6.1%, 7.4% and 5.2%.  387 
  
(a) (b) 
Fig. 12. Effects on BSFC at engine rated speed under different loads 
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Overall effectively energy efficiency of the engine with and without different ORC 388 
systems 389 
The overall effective energy efficiency of ICE and ICE using different coolant and exhaust 390 
recovery ORC systems has been calculated by equation (18) and (19). The results are drawn in Fig. 13 391 
(a). The ORCR_1 has the best overall energy efficiency improvement on the ICE among the three 392 
ORC systems. The improvement of the overall energy efficiency by using different ORC systems has 393 
been calculated and results have been drawn in Fig. 13 (b). By integrating ORC_Sim, ORCR_1 and 394 
ORC_pre with the ICE, the overall energy efficiency of the system can be improved by 6.5%, 8.0% 395 
and 5.4% under engine rated power condition. The maximum improvements of overall energy 396 
efficiency under the selected engine conditions are about 18.4%, 22.7% and 14.1%, when the ICE is 397 
under 10% load at rated engine speed.  398 
 
 
(a) (b) 
Fig. 13. Overall energy efficiency of the ICE with and without different ORC layouts 
 under different loads at engine rated speed  
5. Conclusions 399 
In this study, four different small scale ORC waste heat recovery systems using a targeted scroll 400 
expander as the expansion machine to recovery both coolant and exhaust energy from a 6.8 kW 401 
engine have been reported. The four ORC system performances have first been studied under the 402 
engine rated condition to identify the optimal superheating temperature ranges. The parametric study 403 
of different coolant and exhaust recovery ORC systems are conducted to provide and compare the 404 
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parametric data of four ORC systems. The effects of using the designed ORC systems to recover 405 
coolant and exhaust energy from ICE on the engine performance showing as the potential saving of 406 
fuel consumption and overall energy efficiency improvement are investigated under five different 407 
engine loads conditions. The conclusion drawn from this study are summarised as follows,  408 
 When the super heating temperature increase from 80 oC to 160 oC, The efficiency of 409 
ORC_sim is quite stable at 6.2% with the increase of superheating temperature and the 410 
efficiency of other three single loop coolant and exhaust recovery ORC systems are 411 
slightly improved. When the super heating temperature is lower than 110 oC, the 412 
efficiency of ORCR_2 is lower than that of ORC_sim, because the exhaust temperature 413 
from the expander is lower than the coolant temperature leading to the low overall energy 414 
efficiency of the ORCR_2 system.  415 
 The change of superheating temperature has limited effects on power performance of 416 
ORC_sim and ORC_pre. The average generated power from ORC_sim and ORC_pre are 417 
about 0.59 kW and 0.5 kW. The results indicated the efficiency of ORC_pre using 418 
coolant energy as preheater is higher than that of other three ORC systems, but the power 419 
performance of ORC_pre is the worst among the four candidate coolant and exhaust heat 420 
recovery ORC systems. The idea of fully recovering coolant heat from the ICE to form a 421 
single loop ORC system can potentially produce more power, although the ORC energy 422 
efficiency can be slightly reduced.  423 
 The scroll expander rotational speed of ORC_sim and ORC_pre respectively are stable 424 
about 3200 rpm and 1000 rpm, when the superheated temperature ranges between 80 and 425 
160 oC. The designed single loop ORC system to fully recover coolant and exhaust 426 
energy from ICE without using recuperator (ORC_sim) has the advantage of low demand 427 
of dumped heat from condenser (around 6.8 kW under engine ratated power condition), 428 
which is desirable to be selected for on road vehicle application.  429 
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 The parametric study of four ORC systems suggest ORC_pre can produce more power 430 
than ORC_sim, when the ratio of engine coolant and exhaust ranges from 0.5 to 0.7. The 431 
power generated from ORC_pre has linear relationship with engine exhaust energy, 432 
which means the coolant energy cannot be fully recovered by this type of ORC system. 433 
The ORC_sim can potentially be modified into ORC_pre to produce more power under 434 
the coolant and exhaust ratio from 0.5 to 0.7. When the recuperator is located between the 435 
coolant heater and exhaust heater, the demand of rejected heat from the condenser is 436 
relatively higher than that of other three ORC systems under the same operational 437 
conditions, which is not desirable for vehicle application.  438 
 The analysis on the BSFC and overall effective energy efficiency of engine performance 439 
under five different engine loads at rated speed suggest the BSFC reduction ratio of using 440 
ICE+ORC_sim, ICE+ORCR_1 and ICE+ORC_pre under 10% engine load at rated speed 441 
are 15.5%, 18.5% and 12.4%, respectively. And at the engine rated power condition, the 442 
BSFC reduction ratios of the three ORC systems are 6.1%, 7.4% and 5.2%. The ORCR_1 443 
has the best overall energy efficiency improvement on the ICE among the three ORC 444 
systems. By integrating ORC_Sim, ORCR_1 and ORC_pre with the ICE, the overall 445 
energy efficiency of the system can be improved by 6.5%, 8.0% and 5.4% under engine 446 
rated power condition, and when the ICE is under 10% load under engine rated speed, the 447 
maximum improvements of overall energy efficiency under the selected engine 448 
conditions are about 18.4%, 22.7% and 14.1%.  449 
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